SUMMARY To examine which factors affect the reproducibility of ejection fraction (EF), pulmonary transit time (PTT) and segmental wall motion assessed from first-pass radionuclide angiograms (FPRA), 32 patients who had FPRA were randomized for site of injection of isotope (right or left arm) and projection (right or left anterior oblique [RAO or LAO]). The quality of injected bolus was measured from the full width at half maximum (FWHM) Each patient was studied on 2 consecutive days, yielding 16 possible combinations of arm and projection. Each combination was assigned a letter from A-P and was randomly allocated to each patient. The scheme was balanced for order and combination of arm and projection. Each letter was entered twice, yielding 32 patients for this study. Two radionuclide ventriculograms were obtained in each patient on each of the 2 days.
RADIONUCLIDE VENTRICULOGRAPHY has gained wide popularity as a noninvasive method for determining left ventricular performance. The ability to assess ejection fraction and regional wall motion from a single i.v. injection of radionuclide has prompted many investigators to use the technique both for clinical diagnosis and for research. Both firstpass and multiple-gated imaging techniques have an ease of repetition that is well suited for longitudinal studies of the natural history of cardiac diseases,' the effects of cardioactive2-4 or cardiotoxic6' 6 drugs, the effects of.circulatory stress and of medical or surgical interventions on ventricular function.7-" Before the effects of an intervention can be assessed with confidence, the intrinsic variability and reproducibility of measurements made from radionuclide studies must be defined. Recent reports have described the reproducibility of multigated studies,'2" but the limited data on first-pass angiocardiograms have been based on patients imaged in the anterior projection only,',' a small number of patients imaged in the right anterior oblique projection,'6 and on normal subjects. ' 7 Few data are available on the factors that influence reproducibility and variability, such as choice of projection, choice of injection site and quality of injected bolus. In this report we examined (1) the reproducibility and intraobserver variations of two sets of measurements carried out 15 minutes apart; (2) the interobserver variations when each study was analyzed independently by two experienced operators; (3) the influence of variations in choice of projection and choice of injection site on the results; and (4) the relationship of variations in measurements to differences in the quality of the injected bolus or to fluctuations in heart rate or blood pressure.
Patients and Methods
First-pass radionuclide angiograms were performed in the right anterior oblique (RAO) and left anterior oblique (LAO) projections, as these two views are most often used for angiographic study of left ventricular function.'8 The radionuclide was injected into a right or left antecubital vein. Four combinations of projection and injection site were possible: right arm, RAO; right arm, LAO; left arm, RAO; and left arm, LAO.
Each patient was studied on 2 consecutive days, yielding 16 possible combinations of arm and projection. Each combination was assigned a letter from A-P and was randomly allocated to each patient. The scheme was balanced for order and combination of arm and projection. Each letter was entered twice, yielding 32 patients for this study. Two radionuclide ventriculograms were obtained in each patient on each of the 2 days.
The patients were referred by a physician for diagnostic evaluation. The nature of the study was explained, and each patient gave informed consent.
Criteria for entry of a patient into the study were normal sinus rhythm at the time of study; absence of clinical right ventricular failure that might have prevented satisfactory ejection of the radionuclide bolus from the right ventricle; suitable veins in both arms; and no change in drug therapy immediately before or during the study period.
There were 27 males and five females, ages 39-67 years (mean 53 years). The patient data and reasons for referral are shown in table 1 A bolus of high-specific-activity technetium-99m as pertechnetate was injected with a rapid 20-ml saline flush, and dynamic data were collected at 20 frames/sec for 50 seconds. Heart rate and blood pressure were recorded during the counting period.
Fifteen minutes after the completion of the study, a static background frame was collected and used to correct the second study for the spatial distribution of residual blood pool activity from the first injection. A second study was then performed in the identical projection and from the same injection site, and pulse and blood pressure were recorded again. Both studies were corrected for field nonuniformity using a uniform source obtained daily, and for the dead time of the instrument. Corrected data were then stored on magnetic tape. On day 2, the procedure was repeated according to the protocol designated by the randomly assigned letter. Doses of radionuclide were standardized as 10 mCi for study 1 and 15 mCi for study 2 each day.
After data collection, each study was played back as a series of images, each image representing 30 summed frames. The right and left ventricular phases and the pulmonary phase were identified, and the images were evaluated by three experienced observers. Radionuclide ventriculograms were judged as technically satisfactory for inclusion in the reproducibility series, unless obvious sticking or splitting of the bolus in the path toward the heart had occurred, gross right ventricular dysfunction caused prolongation of bolus ejection from the right ventricle, leading to lack of Pt   1   2   3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32   Age   (years)   60  42   49  58  54  64  52  52  55  39  61  44  49  52  41  56  57  64  56  55  48  54  65  60  51  44  54  56 temporal separation of the cardiac chambers, or the patient was malpositioned so that part of the heart was missing from the field of view.
If the technical adequacy of any study was in doubt, the majority decision was accepted. Once included, a study could not be rejected later.
Data Analysis
Each radionuclide ventriculogram was analyzed independently by two experienced observers. Results were not compared until the project was completed.
Ejection Fraction
Left ventricular ejection fraction was calculated by a previously described method.8 ' 20 Briefly, the left 312 CIRCULATION ventricular region of interest was identified and a highfrequency time-activity curve was generated. The peaks and troughs of this curve represent end-diastolic frames and end-systolic frames of the levophase. Background corrections were made directly from the time-activity curves using the digital data before the first phasic count fluctuations of the levophase8' 20 and ejection fraction was calculated from the corrected end-diastolic and end-systolic counts.
Transit Times Right and left ventricular regions of interest were flagged. The passage of activity through these chambers as a function of time was displayed as a curve that encompassed 400 frames of original data that represented 20 seconds. Each frame therefore corresponded to 0.20 second. A curve analysis computer program was used to find the peaks in the curve and to "strip" one peak from the other. Assuming a monoexponential washout of tracer from each chamber, a semilogarithmic extrapolation of each component curve permitted calculation of mean chamber transit times by the equation21: z i (sum of counts at time i X time i) sum of total counts Mean transit time between points in the circulation was determined by the difference in mean transit times of the individual points. 22 Bolus Quality A region of interest was flagged over the superior vena cava ( fig. 1 ). Bolus integrity was assessed from the full width at half maximum (FWHM) of the caval time-activity curve.
Wall Motion
A representative cardiac cycle was produced from the computer-summed peaks and troughs. Computergenerated ventricular perimeters were produced from the end-diastolic and end-systolic frames of that cycle, and superimposed to form one image for wall motion evaluation.
Wall motion was judged qualitatively by a third independent observer after completion of the entire study. Perimeters were assessed blindly and in random order. RAO perimeters were judged visually as normal, hypokinetic or akinetic from anterior, apical and inferior segments. LAO images were judged for septal, apical and posterolateral segments.
Mean arterial blood pressure was calculated from cuff readings as: diastolic pressure + (systolic pressure -diastolic pressure)/3.
Statistical Methods
To establish interobserver correlations, standard linear regression analysis was performed on the values for ejection fraction and transit times from observers 1 and 2 for each study. The absolute differences in ejection fraction and transit times from the two observers were also determined for each study. The means and standard deviations of the differences represent the in- The correlation coefficients between the two observers for each study were high, from 0.94-0.96 ( fig.  2 ). The mean interobserver variability was low, 1.84 ± 4.56%, 1.89 ± 3.8%, 1.8 ± 4.8% and 1.82 ± 4.52% for the four studies. In no group of studies did ejection fraction vary significantly between observers. However, individual patients showed occasional large differences. In five of the 122 studies (4%), the values differed by 10% or more; the greatest absolute discrepancy was 15%. Because 15% is an abnormally large variation, this study was reanalyzed by both observers together. The two earliest peaks and troughs of the levophase had not been selected by one observer, but had been chosen by the other. The background frame chosen from the time-activity curve consequently differed between observers.
Intraobserver Data
Correlation coefficients were high (0.96-0.98) between values for the sequential studies of each day ( fig. 3 ). Mean variability of sequential studies was low, 2.16 ± 4.18% and 0.24 ± 3.66% for day 1 and day 2 studies analyzed by observer 1, and 1.32 ± 3.2% and 0.44 ± 2.99% for those analyzed by observer 2. In only one case was there a difference of 10% or more in sequential studies, and only with one observer.
Influence of Hemodynamic Variables
The patient with the large interstudy difference had a mean blood pressure of 125 mm Hg in study 1 and 126 mm Hg in study 2, and a heart rate of 84 beats/min and 80 beats/min, respectively. Patients with a difference of 5 mm Hg or more in blood pressure between sequential studies showed no greater differences in ejection fraction values than patients with smaller blood pressure variations (2.33 ± 3.67% for observer 1 and 1.0 ± 3.79% for observer 2). One patient had a difference in heart rate of more than 10 beats/min between sequential studies and had differences in ejection fraction of only 1% and 3% as assessed by the two observers.
Bolus Integrity
None of the inter-or intraobserver differences in ejection fraction were related to poor bolus quality. The mean FWHM for the five studies that showed interobserver differences of 10% or more was 0.59 i 0.32 second. In a sample of 20 studies with interobserver differences of 5% or less, bolus FWHM was 0.55 ± 0.38 second (NS). Table 2 shows the means for all variables.
INTER OBSERVER CORRELATIONS IN LVEF% FOR EACH

Transit Times
Interobserver Data ( fig. 4) The correlations between observers for day studies (r = 0.93) and for the second study on day 2 (r = 0.92) were good. The first day 2 study produced a less satisfactory correlation (r = 0.75). figure 5 showed that in each case the slope differed significantly from 1 (p < 0.001) except for day 1 studies for observer 2 (NS).
In 50 sequential measurements, transit times varied by I second or more (4 1%), in 26 by 2 seconds or more (21%), and in nine by 4 seconds or more (7%).
Influence of Hemodynamic Variables
No patient with a 2-second or greater discrepancy between sequential transit times had a change in mean blood pressure of more than 6 mm Hg or a change in heart rate of more than 4 beats/min. Eight of these patients had identical mean blood pressures and 10 had identical heart rates. The one patient with a difference of more than 10 beats/min in heart rate had 
Bolus Integrity
A sample of 20 studies with different interobserver transit times was analyzed with respect to bolus FWHM. Seven studies showed differences of less than 0.5 second, five showed differences of 0.5-2.0 seconds, six showed differences of 2.0-5.0 seconds and two showed discrepancies of more than 5.0 seconds. The mean FWHM for the 12 patients with discrepancies of 2.0 seconds or less was 0.60 ± 0.21 second, significantly (p < 0.005) shorter than that for the eight patients with larger interobserver differences, whose FWHM was 1.55 ± 0.86 seconds (table 3) . There were no significant differences between other subgroups. There was a degree of overlap in the FWHM values with two patients with FWHM of 0.6 and 0.8 second showing transit time variations of 2.9 and 3.7 seconds, respectively. Figure 6 shows a compact bolus curve with FWHM of 0.2 second and a poor bolus curve with FWHM of 1.55 seconds. The interobserver discrepancies in transit times were 0 and 8.6 seconds, respectively, in those two cases. T1 16 18 Mean transit time (sec) day 2 study 1 FIGURE 5. Intraobserver correlations of mean transit times for the four studies. In bottom left graph, two points are superimposed.
Intraobserver variability was examined in the same way. In another sample of 20 patients, sequential transit time differences were less than 2 seconds for 10 pa- Tables 5 and 6 show the number of normal, hypokinetic and akinetic segments from each observer's images for each projection. All segments had differences between the number of areas judged hypokinetic and akinetic. If hypokinesis and akinesis were grouped together as abnormal, there was good agreement in the discrimination between normal and abnormal for both apical and anterior regions in the RAO projection. Only one of the 116 segments (0.9%) from each region was judged normal from one image and abnormal from another. In the inferior region, four images (3%) showed such discrepancy. Chi- square analysis showed no significant interobserver or sequential variation in any region. Figure 7 is an example of images for both day 2 studies from each observer from a patient with a cardiomyopathy. In all images, hypokinesis of anterior, apical and inferior segments is apparent. Analysis of LAO images showed excellent agreement between classifications of normality and abnormality for septal and apical segments, although in the posterolateral region, discrepancy occurred in four segments (3.2%) . No significant differences were revealed by chi-square analysis. As with the RAO projection, there were some discrepancies in differentiation between akinesis and hypokinesis. shows the four LAO images from a day 1 study of a patient with septal and apical infarction. Consistency is again apparent.
No discrepancy in wall motion analysis for either RAO or LAO studies resulted from differences in blood pressure, heart rate or injection site.
Discussion Ejection Fraction
The small inter-and intraobserver variations compare favorably to variabilities for contrast angiograms. Mean interobserver variabilities in ejection fraction in this study were less than 2%, while Cohn et al. 23 reported a mean variability of 5% in ejection fraction from contrast angiograms. Interobserver mean variations of 1-6% in interpretation of resting radionuclide ventriculograms have been reported.' 124, 16 Despite the good agreements overall, interobserver discrepancies of 10% or more occurred in 4% of studies. Such discrepancies were not related to the absolute level of ejection fraction involved, which is in agreement with previous results.'2 The one very large (15%) disagreement between observers was related to variations in the choice of background frame. Such variations have been shown to cause errors in the calculation of ejection fraction from first-pass stud- ies.2' However, even under normal circumstances, interobserver variance of up to 10% has been reported from both contrast28 and radionuclide studies. 24 The mean intraobserver variabilities for the four 15 Choice of projection was the only factor that contributed significantly to intrapatient differences in ejection fraction. LAO values were underestimated compared with RAO. Differences due to projection have been discussed in other reports.24 ' 1 Theoretically, a method that calculates ejection fraction from a change in radioactive counts should be independent of projection, because the change in radioactive counts is directly related to changes in volume. The difference in calculated ejection fraction may reflect different efficiencies in detecting scattered and background radiation in the two projections, which may be partly due to different distances of the background structures from the detector. The anatomic overlap of right and left ventricles in the RAO view could lead to some right ventricular contribution to the background phase, with consequent overestimation of background.
Longitudinal or intervention studies of ejection fraction may be performed reliably in groups of patients, but individual results should be interpreted with caution. For any projection, there are no significant errors due to injection site, correcting for blood pool background, or day-to-day variations. However, the data support the conclusion that the same observer should calculate sequential ejection fractions.23
Transit Times
Although radionuclide values for intracardiac transit times have not been validated against independent measurements, they have been used in the evaluation of intracardiac shunts and valvular heart disease.21, [32] [33] [34] Therefore, the intrinsic variability of the measurements must be defined if important clinical decisions are to be made on the basis of sequential values.
Interobserver differences for the whole group were small and not statistically significant, but large individual variations occurred. Intraobserver differences for sequential studies were significant. Analysis of variance did not disclose any cause for the discrepancies, as all estimable variance was a result of patient differences. A trial design that permitted all possible combinations of projection and injection site for each patient might have overcome this problem, but such a study would not have provided information on intrapatient sequential variability for a given projection or injection site. This is of prime importance if longitudinal and intervention studies are contemplated. Comparison of results in patients for whom only one variable was altered showed no differences attributable to change of injection site or projection. Likewise, changes in hemodynamics did not contribute to errors. The relationships of bolus FWHM to interobserver variability, and of differences in FWHM to intraobserver variability, however, appear to be important. Reproducibility of transit times was unlikely without a compact bolus, although a compact bolus did not guarantee reproducibility. There are few reports on the influence of bolus integrity on the data calculated from transit curves. Jones et al.21 reported that transit times were reproducible with a rapid bolus injection. Others32 3 have recognized the need for an adequate bolus, but did not report quantitative data on bolus integrity.
In this investigation, transit times were measured from right and left ventricular regions of interest, by the difference in mean transit times of the two chambers.21' 22 A claim that transit times calculated in this fashion are independent of bolus configuration21 is not supported by our results. Bolus configuration for a particular study will be the same for each observer, so interobserver discrepancies must be due to variations in analysis technique, which become important when bolus integrity is disturbed. Differences in the choice of regions of interest may lead to alterations in the time-activity curves. These differences may be greater if the bolus is poor, and lead to significant differences in transit times. With -a poorly configured bolus, a right ventricular region of interest may contain early left ventricular elements and a left ventricular region of interest could contain right ventricular data. The effect on the extrapolated curves could produce wide variations in transit times. Similarly, differences in bolus configuration between sequential studies could alter sequential transit times. The transit time measurements do not appear reproducible enough to be of clinical value. In any event, strict quality control of bolus injections is essential if data on transit times are required.
Wall Motion
The results of wall motion analysis indicate that the technique is highly reproducible for any given projection, and yields findings similar to those from contrast angiography27 and from radionuclide angiograms in the anterior projection."' A recent report that compared interobserver variance for wall motion from gated studies and contrast angiograms using a wall motion score based on the qualitative inspection of cineangiograms showed that in all except the septal segment, the levels of variance in gated and contrast studies were similar."
Interobserver variance in the discrimination between normal and abnormal was low in the present study, although four inferior segments in the right oblique and four posterolateral segments in the LAO projection were judged normal from one observer's images and abnormal from another. One major criticism of the form of wall motion assessment used in this and in most previous studies is its subjectivity, which may have contributed to some of the apparent differences in wall motion interpretation.35 However, even with quantitative techniques for wall motion assessment, discrepancies have occurred between contrast and radionuclide studies, especially in the inferior region." Oversubtraction of background in some RAO studies might have led to overestimation of inferior wall motion. The reason for the discrepancy in the posterolateral segments in the LAO projection is less clear, but again is probably related to subjective errors. The septal segment showed small variations that compare favorably to the' variance of that segment reported from multigated images,'4 possibly because the partial loss of definition of the septal region that occurs in gated images due to the adjacent right ventricular blood pool" does not occur with the first-pass technique.
Methods for the assessment of wall motion by radionuclide methods usually use standard angiographic techniques such as measurement of axis shortening.38 These techniques require accurate delineation of chamber edges, which is not a major strength of radionuclide imaging. Newer approaches in the assessment of wall motion include the use of regional ejection fraction images,37 which depict regional ventricular function on the basis of count rates. Data on the reproducibility of this approach are limited.37 Further studies are required to determine if that method is better than computer-derived perimeters.
Radiation Dosages
Our patients received 50 mCi of technetium-99m pertechnetate over 2 days, for a total body radiation exposure of 0.5 rads and a renal exposure of 5 rads maximum. Because of the study design, these exposures are higher than that which patients who undergo radionuclide ventriculography at our institution would normally have received, although they are well below the maximal permissible dosages for classified radiation workers (total body 5 rads/year; kidney 80 rads/year).38 Studies are being done to determine if clinically useful and reproducible measurements of left ventricular function can be obtained from firstpass studies with substantially lower dosages of radiopharmaceutical.
Clinical Implications
First-pass radionuclide ventriculography may be performed with low inter-and intraobserver variability for the assessment of ejection fraction and regional wall motion. Sequential radionuclide studies allow reproducible serial evaluation of those variables. Transit times are less reproducible and may result in large discrepancies both inter-and intraobserver values. Bolus configuration is closely related to the quality of transit time measurements. Ejection fraction values vary according to the projection used and normal ranges for one view are not applicable to another projection. No significant errors appear to be caused by variations in injection site or by correcting for blood pool background from one study to another.
With these points in mind, the technique appears well suited to the study of the natural history of cardiac disease and the effects of medical or surgical interventions upon ventricular function.
